Nearly 70% of Americans are overweight or obese (1) . Additionally, the prevalence of obesity has doubled in children and quadrupled in adolescents in the United States over the past three decades (2) ; in 2012, one third of children and adolescents were overweight or obese (3) . Overweight and obesity put both adults and children at increased risk for poor health outcomes. For example, adults are affected by obesity-related morbidities, such as heart disease, cardiovascular disease, stroke, and diabetes. In women, 37% of whom are obese in the United States (3), an elevated body mass index (BMI) increases the risk of anovulation, polycystic ovarian syndrome, infertility, and pregnancy complications (4) . Even in young children, obesity is associated with risk factors for cardiovascular disease, such as elevated cholesterol and high blood pressure, and prediabetes with intermittent hyperglycemia. Obese adolescents also have higher rates of depression, sleep apnea, and joint and bone problems than their normal-weight peers.
In addition to these health effects of obesity, numerous studies have reported that overweight and obesity are associated with increased risk of cancer (5) . Obese women are at increased risk of endometrial cancer, and obesity in early life is associated with increased risk for multiple myeloma and non-Hodgkin lymphoma (6) , as well as cancer of the colon, kidney, and liver (5) . In direct contrast, childhood and adolescent adiposity is inversely related to breast cancer risk across the life course (7) . Adult obesity is also related to increased risk for cancers of the thyroid, ovary, cervix, esophagus, pancreas, gall bladder, and prostate (8) . In this Perspective, we highlight recent clinical and translational data from studies seeking to understand the developmental windows during which obesity has the greatest impact on cancer risk and the mechanisms by which risk is conferred.
IN UTERO AND EARLY-LIFE EXPOSURES
Among the obesity statistics, one that is particularly alarming is that 37% of reproductiveage (25 to 54 years old) women are obese (1). This is alarming because maternal obesity dramatically affects the health of a pregnancy, and rodent and human studies demonstrate that the effects manifest in a variety of conditions in offspring (4, 9, 10) . According to the Developmental Origins of Health and Disease Hypothesis, exposures occurring during embryonic and fetal life are critical to the developmental patterning of tissues in offspring (11) . This has been best exemplified by studies reporting cardiometabolic defects in children of mothers who are obese during gestation [extensively reviewed in (12) ]. Additionally, deregulated maternal energetics has been linked to mammary tumor development, reproductive and pituitary tumors, and prostate hyperplasia (13) . Notably, a recent study from the Helsinki Birth Cohort found that maternal obesity is positively associated with all cancer outcomes in human offspring (14) . In Fig. 1 , we summarize possible maternal influences on cancer risk in offspring through malfunctioning mitochondria and/or deregulated epigenetic signatures.
Breast cancer incidence has long been associated with maternal exposures (15) , but the data regarding maternal energetics and generationally transmitted breast cancer risk in humans are mixed. For example, a study combining two small population data sets showed that pregnancy weight gain, but not prepregnancy BMI, was positively associated with breast cancer risk in offspring (16) . Prospective data from the Nurses' Mothers study showed no evidence of association between maternal prepregnancy BMI or gestational weight gain and breast cancer risk in daughters (17) . Other U.S.-based reports indicate that higher prepregnancy BMI is related to lower risk of subsequent breast cancer (18) but higher birth weight for offspring. The inverse association for prepregnancy BMI is consistent with the overall inverse association for higher BMI at age 18. Past studies, however, do not reflect the current prevalence of obesity among mothers, thus limiting the inferences. Conversely, numerous studies reviewed and combined quantitatively (19) show a positive linear association between increased birth weight and breast cancer risk, suggesting that other conditions influenced by gestational obesity, such as fluctuations in hormone concentrations, cytokines, or lipids, promote development of breast cancer. Thus, the role of maternal obesity as a risk factor for breast cancer in humans is somewhat contradictory, but maternal obesity may indirectly influence breast cancer risk by affecting offspring health factors such as birth weight.
One challenge to studying generational transmission of cancer risk is the long latency between perinatal exposures and cancer development, which makes prospective studies difficult and costly. Likewise, retrospective studies are challenged by the fact that at the time of cancer diagnosis, a patient's recall of maternal weight during pregnancy is unreliable. Thus, many have turned to animal models, such as mice and rats, which offer shorter generation times, ability to control the time window of exposure to obesity, and the ability to strictly control diet composition, thus allowing assessment of specific dietary components.
Rats are a very useful model for breast cancer because they both develop tumors spontaneously after 18 months and readily develop them earlier in genetic models or when treated with carcinogens such as 7,12-dimethylbenz[a] anthracene (DMBA) (20) . In these models, the additive effects of maternal obesity and tumor induction on transmission of mammary tumor risk have been extensively evaluated (21) . For example, Hilakivi-Clarke et al. demonstrated that consumption of a high-fat diet [consisting of 46% calories from the w-6 polyunsaturated fatty acid (PUFA) linoleic acid] increased circulating estradiol concentrations in the dams and caused a twofold increase in DMBA-induced mammary tumor incidence in offspring, despite the fact that the offspring consumed control chow after weaning (22) . Additional studies have determined that generational transmission of mammary tumor risk extends to the next two generations (23) and that perinatal exposure to a high-fat diet is more important to the phenotype than postnatal exposure (24) . Interestingly, the effect of maternal high-fat diet exposure may be specific to plant-derived w-6 PUFAs, because the tumorigenic effects of maternal w-6 PUFA exposure were not seen when the rats were fed an animal fat-based diet and could be abrogated by coexposure to w-3 PUFAs (25) . Thus, during the perinatal time window, patterning of adult breast tissue may be exquisitely sensitive to exposure to certain fatty acids.
The mechanism by which mammary tumor risk is transmitted to offspring may involve deregulation of expression of structural and functional genes. For example, in one transgenic mammary tumor model, maternal highfat diet exposure increased tumor number and size and affected insulin concentrations and expression of oxidative stress markers (26) . Changes were also observed in expression of tumor suppressors and oncogenes, and studies indicate that increased insulin sensitivity is associated with changes in expression of tumor-regulating genes. Another study found that tumors derived from rats whose mothers were obese overexpressed the DNA methyltransferases DNMT1, DNMT3a, and DNMT3b, suggesting that the DNA methylation machinery was impaired (23) . This is important because other studies have demonstrated that the estrogen receptor gene of obesity-exposed animals is hypomethylated and overexpressed, whereas the estrogen receptor in low-fat diet-exposed animals is nearly completely methylated and underexpressed (20) . Because impaired estrogen receptor signaling is a critical factor regulating development of breast tissue and adenocarcinomas in rodents and humans (27) , deregulated epigenetic patterning is a direct mechanism by which maternal diet could influence breast cancer development in offspring.
Another strong possibility is that maternal obesity causes alterations in tissue metabolism. For example, several animal studies have suggested that maternal consumption of an obesogenic diet, during or just before gestation, directly alters the health of both oocytes and early embryos (28) . Additionally, marked alterations in mitochondrial structure and metabolic function of oocytes were reported in female mice after just 6 weeks of consuming a high-fat/high-sucrose diet (28, 29) . These maternal mitochondrial differences could be carried over to the next generation, either by mitochondrial inheritance or as nuclear or mitochondrial genome epigenetic modifications. These germline modifications could then subsequently affect every tissue in the offspring, predisposing the offspring to abnormal mitochondrial performance and, perhaps, to the development of cancer in susceptible tissues.
Whereas some studies have addressed transmission of risk of breast and prostate cancer (13, 22) , little work has been done to assess the mechanisms by which maternal obesity increases the risk of other forms of cancer. All the current data suggest that maternal obesity is linked to other cancer outcomes through secondary mechanisms. For example, a recent review proposed that maternal obesity influences obesity and weight gain in offspring and therefore predisposes offspring to colorectal cancer (30) . This is founded on the observation that obesity of the patient at diagnosis and weight gain in adult life are risk factors for colorectal cancer (30) . The same authors also suggested a similar mechanism for hepatic carcinoma. Last, Walker and colleagues have demonstrated that mice whose mothers consumed a high-fat diet had an increased risk of developing reproductive and pituitary tumors (31), but no mechanism has yet been determined.
CHILDHOOD AND ADOLESCENT OBESITY AND OUTCOMES
In utero and early-life exposures may drive subsequent tumor growth, or exposures during childhood and adolescence may themselves confer a risk of future cancer. Increasing evidence from prospective cohorts shows that adiposity in childhood, typically assessed between ages 5 and 10 years, is inversely related to subsequent risk of breast cancer (7). This association is strongest for estrogen receptornegative (ER − ) disease (7), including basal-like breast cancer (32) , although the mechanism for this association is not understood. There is also an inverse association for increasing adolescent adiposity and breast cancer risk, and a meta-analysis shows that this association is of comparable magnitude among women of Caucasian and African heritage (33) . How adiposity early in life lowers the risk of breast cancer across the life course has been examined in a number of ways. Childhood adiposity has dual opposing effects on breast cancer risk. Although it is associated with earlier menarche (increasing breast cancer risk), childhood adiposity also results in lower peak height growth velocity (34) , which is associated with lower cancer risk in some studies In a maternal obesogenic environment, offspring cells could inherit malfunctioning mitochondria and/or deregulated epigenetic signatures. These alterations contribute to a tissue environment characterized by hyperplasia and nuclear atypia. When combined with additional genetic or carcinogenic hits, this predisposed phenotype may result in cancer in exposed offspring.
CREDIT: H. MCDONALD/SCIENCE TRANSLATIONAL MEDICINE (35) . Some studies use intermediate markers of cancer risk, including benign breast disease and mammographic density. Childhood adiposity is inversely related to the risk of benign breast lesions, and more rapid height growth is directly related to risk (34) . Moreover, some studies found that childhood adiposity was associated with lower risk of adult mammographic density. This reduced density may mediate the influence of childhood growth rate and adiposity on breast cancer risk (36) , although a meta-analysis of 19 studies shows that mammographic breast density is related with comparable magnitude of risk for ER − and ER + breast cancer (37) .
OBESITY DURING THE REPRODUCTIVE YEARS
It is generally accepted that higher adiposity in early adult and premenopausal years is related to a lower risk of premenopausal breast cancer (38 (41) . Moreover, obesity increases free insulin-like growth factor 1 (IGF1) among both normal-weight and overweight women and is associated with increased risk of premenopausal and postmenopausal breast cancer (42) .
OBESITY AFTER MENOPAUSE
Obesity after menopause (occurring as a result of weight gain during either the premenopausal or postmenopausal years) is directly related to risk of breast and endometrial cancer (43) . In a meta-analysis summarizing some 50 studies, adult weight gain was associated with increased risk of postmenopausal breast cancer [among nonhormone therapy users, the relative risk (RR) per 5 kg increase in weight gain was 1.11, 95% confidence interval (CI) 1.08 to 1.13], postmenopausal endometrial cancer (RR = 1.39; 95% CI 1.29 to 1.49), and postmenopausal ovarian cancer (RR = 1.13; 95% CI 1.03 to 1.23) (44) . Adult weight gain is more strongly related to ER + breast cancer than ER − breast cancer (40) . Additionally, a report from Mexico that used trajectories of estimated weight gain showed that increasing adiposity from age 8 was positively related to increased risk of breast cancer among women aged 39 to 69 years (45) . Importantly, the connection between adult weight gain and postmenopausal breast cancer risk appears to be modified by use of hormone therapy, and the excess risk associated with weight gain was largely eliminated among women who used hormone therapy because they were at a greater risk regardless of weight (44) . This finding is consistent with an analysis of prospective cohorts in which plasma hormone concentrations were measured. This study found that the association of obesity with postmenopausal breast cancer was largely explained by circulating free estradiol; the RR per 5 kg increase in BMI was 1.19 (95% CI 1.05 to 1.34) but was reduced to 1.02 (0.89 to 1.17) after controlling for free estradiol (46) . These studies all suggest that the detrimental effects of obesity after menopause are clearest among women not using hormone therapy and are largely mediated through circulating estrogens. The use of hormone therapy raises estrogen concentrations and thereby increases cancer risk in all women, obscuring the effect of adiposity on breast cancer risk. The directions of the associations between adiposity during life and breast cancer risk are summarized in Fig. 2 . For example, the effects of adiposity and weight gain in premenopausal years reflect persisting protection from earlier adiposity and an opposite or adverse effect of weight gain increasing cancer risk compared with that of normal BMI and no weight gain.
Obesity is also related to recurrence of breast cancer and death after breast cancer (47) . A meta-analysis of 82 studies shows that obesity correlates with recurrence (increasing risk with increasing BMI) (47) . This systematic review and meta-analysis included more than 200,000 women with breast cancer and more than 40,000 deaths. For obese women compared with normal-weight women, the relative risk of breast cancer death was 1.75 for women with premenopausal and 1.34 for postmenopausal breast cancer. Importantly, there was no protective effect of obesity on survival among premenopausal women. The increase in mortality may be mediated through higher estrogen and higher insulin concentrations among obese women because both of these hormones have been linked to poor prognosis in women with breast cancer (48) .
WEIGHT LOSS
Evidence as to whether sustained weight loss reduces the incidence of cancer is limited, in large part because of low long-term success of weight loss interventions. However, weight loss after bariatric surgery is more sustained than after other interventions and is protective against endometrial cancer (49) . In addition, weight loss after menopause has been related to reduced risk of postmenopausal breast cancer (50) , and one study suggested that weight loss of more than 5 kg after age 18 reduced the risk of premenopausal breast cancer (51) . Numerous studies examining the effects of weight loss interventions have evaluated intermediate markers such as hormone concentrations (52, 53) , but thus far, no randomized trials have been conducted to investigate the effects of sustained weight loss interventions on cancer incidence. In wild-type mice, weight and metabolic phenotype normalize with exercise and/or weight loss, but thus far, no studies have directly looked at reversal of tumor progression (54) . In a recent study, investigators fed an obesogenic diet to a mouse model predisposed to develop basal-like breast cancer and found that tumor growth was prevented when obese mice were induced to lose weight by switching to a control low-fat diet before tumor onset (55) .
TRANSLATIONAL IMPLICATIONS
Excess energy intake relative to expenditure results in positive energy balance, excess weight gain, and numerous chronic conditions. Disentangling the timing of exposure to excess adiposity in relation to transmission of cancer risk across generations is a difficult task, and thus this topic remains insufficiently studied. However, this issue is important for future generations as the global increase in obesity results in more pregnancies and deliveries among overweight and obese mothers. The current evidence indicates that with the exception of childhood and adolescent adiposity reducing breast cancer risk, obesity generally increases cancer risk. Because long-term human studies are so challenging, future studies that bridge animal models and humans will accelerate our understanding of these connections. Priorities for study include better understanding of timing of adiposity in relation to conception and cancer risk; the mechanisms by which childhood adiposity, growth velocity, and breast density affect breast cancer risk; and the mechanisms underlying connections between birth weight and breast cancer.
